An iterative in vitro splicing strategy was employed to select for optimal 39 splicing signals from a pool of pre-mRNAs containing randomized regions. Selection of functional branchpoint sequences in HeLa cell nuclear extract yielded a sequence motif that evolved from UAA after one round of splicing toward a UACUAAC consensus after seven rounds. A significant part of the selected sequences contained a conserved AAUAAAG motif that proved to be functional both as a polyadenylation signal and a branch site in a competitive manner. Characterization of the branchpoint in these clones to either the upstream or downstream adenosines of the AAUAAAG sequence revealed that the branching process proceeded efficiently but quite promiscuously. Surprisingly, the conserved guanosine, adjacent to the common AAUAAA polyadenylation motif, was found to be required only for polyadenylation. In an independent experiment, sequences surrounding an optimal branchpoint sequence were selected from two randomized 20-nt regions. The clones selected after six rounds of splicing revealed an extended polypyrimidine tract with a high frequency of UCCU motifs and a highly conserved YAG sequence in the extreme 39 end of the randomized insert. Mutating the 39 terminal guanosine of the intron strongly affects complex A formation, implying that the invariant AG is recognized early in spliceosome assembly.
INTRODUCTION
Removal of introns in eukaryotic pre-mRNA and concomitant exon ligation are nuclear processes catalyzed by the spliceosome+ The spliceosome is assembled by the ordered association of U1, U2, U5, and U4/U6 small nuclear ribonucleoprotein particles (snRNPs) and a number of protein splicing factors with the pre-mRNA (reviewed in Burge et al+, 1999 )+ The process is orchestrated by an intricate network of RNA-RNA and RNAprotein interactions+ The pre-mRNA is committed to the splicing pathway at the formation of complex E, which contains U1 snRNP and the splicing factor U2AF, associated with the 59 splice site and the polypyrimidine tract, respectively+ U2AF facilitates the subsequent association of U2 snRNP with the branchpoint (BP) sequence that leads to the formation of complex A+ Finally, the U4/U5/U6 tri-snRNP is recruited to the complex and a complete spliceosome is formed (complexes B and C)+ Splicing is a two-step process+ First the 29 hydroxyl group of the BP nucleotide makes a nucleophilic attack at the phosphodiester bond between the intron and 59 exon, forming a free 59 exon and a lariat intermediate consisting of a branched intron attached to the 39 exon+ In the second step, the free 39 hydroxyl group of the 59 exon attacks the phosphodiester bond between the intron and the 39 exon, thereby joining the two exons and releasing the intron as a lariat+
In yeast, branching occurs within an almost invariant sequence, U Ϫ5 A Ϫ4 C Ϫ3 U Ϫ2 A Ϫ1 A 0 C ϩ1 (the branch A is underlined and the surrounding nucleotides are numbered relative to the BP nucleotide), 20-30 nt upstream from the 39 splice site (Burge et al+, 1999; Lopez & Séraphin, 1999 )+ The mammalian BP sequence is less well conserved but generally conforms to the consensus Y Ϫ5 N Ϫ4 Y Ϫ3 U Ϫ2 R Ϫ1 A 0 Y ϩ1 (Y ϭ pyrimidine, R ϭ purine, N ϭ any nucleotide; Keller & Noon, 1984; Reed & Maniatis, 1988; Green, 1991) and the yeast BP consensus sequence is believed to be the most optimal BP sequence also in mammalian cells )+ Recognition of the BP sequence and definition of the branched nucleotide is mediated by base pairing of an invariable sequence in the U2 snRNA (Nelson & Green, 1989; Wu & Manley, 1989; )+ It has been suggested that the BP nucleotide is bulged out from this RNA duplex and that this may activate the 29 hydroxyl group for nucleophilic attack (Query et al+, 1994 )+ The natural BP nucleotide is highly conserved as an adenosine and only a few natural examples of branching to other nucleotides are known+ For example, branching of the first intron of the human growth hormone gene and the third intron of the human calsitonin/CGRP gene occur mainly at a cytosine and a uridine, respectively (Adema et al+, 1988; Hartmuth & Barta, 1988) ; the second intron of the human immunodeficiency virus type 1 (HIV-1) tat /rev intron pre-mRNA branches frequently at a uridine residue (Dyhr-Mikkelsen & Kjems, 1995) ; and branching to a guanosine residue was reported for the minor latency associated transcript (mLAT) from the herpes simplex virus type 1 (HSV-1) (Zabolotny et al+, 1997 )+ Because the efficiency of the first step of splicing is reduced considerably when nonadenosine acceptors are used (Query et al+, 1996) , these systems may represent examples of important regulatory elements of splicing+ Given the degeneracy of BP sequences in higher eukaryotes and the fact that potential BP sequences are nearly randomly distributed in introns and exons (Harris & Senapathy, 1990) , the BP sequence must act in cooperation with other elements+ The 39 boundary of an intron is also defined by sequences between the BP sequence and the 39 splice site+ In a survey of higher eukaryotic introns, the branch sites were mapped 18-37 nt upstream from the highly conserved AG dinucleotide at the 39 splice site separated by a polypyrimidine tract of variable length (Green, 1991) + The polypyrimidine tract is important for complex E formation in initial steps of the spliceosome assembly (Freyer et al+, 1989) , but the sequence requirement appears to be quite flexible in higher eukaryotes+ Important parameters for the strength of a polypyrimidine tract are length and uridine content (Coolidge et al+, 1997 )+ The ability of a strong BP sequence (i+e+, a BP with high potential to base pair with the U2 snRNA) to overcome the effect of a weak polypyrimidine tract and vice versa suggests a coupled recognition of the two elements (Roscigno et al+, 1993 )+ At a very early step in spliceosome assembly (complex E formation) the large subunit of U2AF, U2AF 65 , and SF1 bind the polypyrimidine tract (Zamore et al+, 1992) and the BP sequence (Abovich & Rosbash, 1997) , respectively+ SF1 recognizes primarily the two most conserved nucleotides (bold face) in the BP sequence YNYURAY (Berglund et al+, 1997 )+ In addition, a direct interaction between SF1 and U2AF 65 has been demonstrated that may account for the coupled recognition of the BP sequence and polypyrimidine tract (Abovich & Rosbash, 1997; Berglund et al+, 1998 )+ The hallmark of complex A formation is the recruitment of the U2 snRNP to the BP sequence, which also is the first ATP-dependent step of the splicing process+ The basis for ATP use in this association is unclear, but may be due to ATP-dependent RNA helicases that have been shown to be important during several steps of splicing (reviewed in Staley & Guthrie, 1998 )+ In the mammalian system, a DEAD box protein, UAP56, that associates with U2AF 65 has been found to be required for U2 snRNP association with the pre-mRNA (Fleckner et al+, 1997)+ In yeast, a DEAD box protein, PRP5, is essential for U2 snRNP binding to the BP sequence (Ruby et al+, 1993 )+ Considering the degeneracy of the BP sequence and the relatively short base pairing formed with the U2 snRNA in the mammalian system, it is likely that protein-RNA interactions are also involved in the selection of the branch nucleotide+ Potential protein factors involved in BP selection include the U2 snRNP-associated proteins SAP 61, 62, and 114 (corresponding to the multimeric splicing factor SF3a) and SAP 49, 145, and 155 (that together with SAP 130 comprise the splicing factor SF3b)+ These proteins have been crosslinked in complexes A, B, and C to a 20-ntlong RNA segment immediately upstream from the BP sequence, designated the anchoring site (Staknis & Reed, 1994; Gozani et al+, 1996) + Together with U2AF 65 , these proteins stabilize the interaction of U2 snRNA with the BP sequence+ In particular, SAP 155 may play a central role based on the observed correlation between BP usage and crosslinking of SAP 155 to the anchoring site as well as to nucleotides immediately downstream from the branch site (Gozani et al+, 1998 )+ Moreover, SAP 155 interacts directly with U2AF 65 in protein-protein interaction assays (Gozani et al+, 1998) , indicating that U2AF 65 may target U2 snRNP to the BP through SAP 155+ Crosslinking studies have identified several other, but less well characterized, protein factors that are in close contact with the BP sequence at different stages of spliceosome assembly (MacMillan et al+, 1994; Chiara et al+, 1996; Query et al+, 1996) + The conserved AG dinucleotide at the 39 splice site plays a highly important role in the second step of splicing, whereas its role for lariat intermediate formation in the first step appears to be pre-mRNA dependent+ In some systems lariat intermediate formation proceeds independently of a 39 splice site AG (Reed & Maniatis, 1985; Ruskin & Green, 1985; Anderson & Moore, 1997) whereas in others the presence of an AG dinucleotide is required for efficient spliceosome assembly and lariat intermediate formation (Aebi et al+, 1986; Lamond et al+, 1987; Reed, 1989; Lang & Keller, 1990 )+ In most introns the cognate 39 splice site is the first AG dinucleotide downstream from the BP+ A scanning model has been proposed in which the spliceosome conducts a linear search downstream from the BP and polypyrimidine tract until it encounters the first AG (Mount, 1982) and several lines of experimental evi-dence support the model+ First, when an AG dinucleotide is inserted between the BP sequence and the normal 39 splice site, the AG proximal to the BP sequence is used exclusively as the 39 splice site (Smith et al+, 1989 )+ However, the usage of this AG as a splice site was found to depend on the presence of the normal 39 splice site, suggesting that the 39 splice site AG is recognized twice (Zhuang & Weiner, 1990 )+ Second, the insertion of a stable secondary structure between the BP sequence and the 39 splice site AG impairs the second step of splicing (Smith et al+, 1989 (Smith et al+, , 1993 )+ Third, in a bimolecular exon ligation assay where the BP sequence and the 39 splice site AG are supplied by different substrates, the AG dinucleotide closest to the 59 end of the 39 substrate is almost exclusively selected as the 39 splice site+ Assuming that different AGs would have equal probability of collision with the active site of the spliceosome, this observation implies some sort of scanning mechanism (Anderson & Moore, 1997) + Combining all available data, a picture is emerging where the selection of the BP sequence and 39 splice site is achieved through the combined action of multiple molecular interactions+ In this report we have studied the cis-signals in the pre-mRNA by using an iterative approach to select functional BP sequences, polypyrimidine tracts, and 39 splice site regions from pools of pre-mRNAs containing randomized regions under variable conditions+ To verify the result we mapped the BP experimentally in 61 of 120 selected clones that were sequenced+
RESULTS
A strategy to perform iterative selections in vitro of 39 splice site sequences from a pool of randomized premRNAs was developed (Fig+ 1A)+ The pre-mRNA pools were generated by in vitro transcription of DNA templates containing sections of randomized sequences in the context of the optimal splicing construct pPIP7+A⌬SK and spliced in the presence of nuclear extract from HeLa cells+ In one series of experiments functional BP sequences that promoted the first or both steps of splicing were selected through up to seven rounds of splicing of pre-mRNA from a pool containing a randomized 15-mer region positioned immediately upstream from an optimal polypyrimidine tract and a 39 splice site+ In another selection experiment two 20-mer regions, flanking an optimal BP, were randomized and used as a substrate for investigating the first step of splicing+
Selection of functional branchpoint sequences
A selection of BP sequences that promoted lariat intermediate or lariat formation (first or both steps of splicing) was performed+ To achieve this, the BP sequence of an optimized splicing construct was replaced by a randomized 15-mer insert (Fig+ 1B, construct A)+ Approximately 10 12 molecules of pre-mRNA were used for the first round of functional selection, corresponding to an average of '1,000 copies of each possible sequence+ The transcripts were incubated under standard in vitro splicing conditions, and all lariat species were isolated by denaturing gel electrophoresis+ Because the migration of lariat species is influenced by the position of the branched nucleotide, a large gel piece was cut out to recover all lariat species+ After debranching and reverse transcription new exons were attached to the intron DNA by PCR+ To ensure amplification of both lariat and lariat intermediate species, the primer used during the reverse transcription step annealed to the polypyrimidine tract of the intron (Fig+ 1B, primer P3)+
The changes in the pool composition of selected BP sequences were investigated by sequencing of individual clones after one, four, and seven rounds of selection (Fig+ 2)+ To map the BP experimentally, approximately half of the selected clones were subjected to primer extension analysis+ Total RNA was purified from an in vitro splicing reaction and annealed to a primer complementary to the 39 exon+ When extended by reverse transcriptase, specific stops were observed that were absent if a debranching step was included (Fig+ 7; summarized in Fig+ 2)+ The sequences were aligned relative to the mapped BP position, and the remaining clones were aligned according to the highest level of sequence homology to the BP sequence (Fig+ 2; the consensus sequences are illustrated in Figs+ 3A-D)+ After one round of selection the pool mainly contained a conserved UAA motif, which corresponds to the core of the conventional BP consensus sequence (Fig+ 2A)+ The position of the motif was evenly distributed within the randomized insert and there was only a low degree of conservation at other positions+ After four rounds of selection, the UAA motif had evolved to a longer AYUAAY consensus motif and the UAA motif was now 100% conserved (Fig+ 2B)+ After seven rounds of selection, the consensus sequence had evolved further towards a UACUAAC motif (at least 60% conserved at all positions) that is identical to the yeast BP sequence consensus (Fig+ 2C; Lopez & Séraphin, 1999 )+ The UAA sequence remained 100% conserved and the degree of conservation of C at position Ϫ3 and ϩ1 had increased to 80-90%+ Moreover, a tendency for positioning the BP sequence element more upstream relative to the 39 splice site was observed after four and seven rounds of selection+ On average the BP was moved three nucleotide positions more upstream after seven rounds of selection (compare Figs+ 2A and 2C)+ The uridine content of the positions downstream from the BP element had increased from 16% after one round of selection and 34% after four rounds to 53% after seven rounds (compare Figs+ 3A, 3B, and 3C)+ This preference for uridine-rich regions following the BP sequence probably reflects a functional optimization of splicing caused by a more extended polypyrimidine tract+ The RNA transcript from clone 35 in pool 7, which contains the UACUAAC consensus element, was an excellent substrate for both steps of splicing exhibiting a 2-2+5-fold faster splicing rate than PIP7+A⌬SK (Fig+ 4; Table 1 )+ Approximately half of the RNAs in pool 7 exhibited another highly conserved AAUAAAG consensus se-FIGURE 1. Strategy for selection of functional 39 splice sites from a pool of random RNA+ A: Pre-mRNA substrates were prepared with either a randomized 15-mer BP sequence or with two randomized 20 nt inserts surrounding an optimal BP+ Following in vitro splicing in nuclear extract, the splicing products were separated in a gel, and lariat and/or lariat intermediate species were isolated+ After debranching and reverse transcription the selected pool was reinserted in the original context by PCR+ The selection cycle was repeated up to seven times+ B: Sequences of the DNA constructs A, B, and C used to generate the initial RNA pools A, B, and C+ The primers P3, P5, P6, and P8 used for the reverse transcription steps are indicated+ Lariat species originating from constructs A and B were reverse transcribed using primers P3 and P5, respectively+ Primer P6 was used to selectively amplify lariat intermediates from construct B transcripts+ Primer P8 was used to amplify lariat intermediates generated from construct C+ The DNA templates were cleaved with HindIII before transcription+ The sites for transcriptional initiation (ϩ1), the splice sites (59ss and 39ss) and the cleavage sites for HindIII and EcoRI used for cloning are indicated+ Functional selection of splice sites 531 quence followed by a less conserved GUU element (Fig+ 2D and illustrated in Fig+ 3D )+ This part of the pool turned out to be functional polyadenylation signals, which were coincidentally selected for in our gel retardation selection assay+ The function of this element is discussed below+
Selection of branchpoint sequences with different second step splicing kinetics
To investigate the recognition of BPs during the individual steps of splicing, BP sequences were selected separately from lariat and lariat intermediate RNA species+ To ease separation of lariat and lariat intermediate in the gel, the 39 exon was extended 16 nt (Fig+ 1B, construct B)+ Lariat species were amplified using a primer encompassing both intron and 39 exon sequences (Fig+ 1B, primer P5), whereas lariat intermediates were selectively amplified using a primer encompassing 39 exon sequences only (Fig+ 1B, primer P6)+ Thus, by separate selection of BP sequences from lariats and lariat intermediates, we intended to compare BPs conferring fast or slow second-step splicing kinetics+
The two pools were analyzed after four rounds of selection, and the sequences of individual clones were aligned according to the position of the experimentally confirmed BPs (Fig+ 5A,B)+ The consensus sequence motifs are illustrated in Figure 3E ,F, respectively+ About one third of the clones in the lariat selected pool contained the AAUAAAG poly(A)-like element+ Comparing the BP motifs in the lariat and intermediate lariat pools revealed no significant differences (compare Figs+ 3E and 3F), except for a significantly higher ratio of pyrimidines in the region upstream from the BP sequences from the lariat intermediate selection experiment+ Moreover, comparing the efficiency of the second step of splicing of the individual clones, including 54, 55, and 56, from the lariat intermediate selected pool with 90, 91, and 92 from the lariat selected pool, revealed almost no difference, suggesting that the sequence of the BP region is selected mainly during the first step of splicing (data not shown)+
Effect of SR proteins on branchpoint selection
SR proteins have a well-documented influence on splice site recognition+ To investigate the effect of SR proteins (Schneider & Stephens, 1990 )+ Rare cases of nucleotide insertions/deletions in the alignment shown in Figure 9 are not included in H+ on BP selection, the selection of the two lariat species was performed over four rounds in the presence of increased concentrations of total SR proteins+ Seventeen or eighteen clones were sequenced from each pool and the BP was mapped experimentally in a subset of these clones (Fig+ 5C,D)+ When selecting BP from lariat intermediate RNA species, addition of SR proteins to the splicing reaction did not lead to any significant changes in the composition of the selected sequences (compare Figs+ 3E and 3G)+ When selecting for BPs from the lariat RNAs, the increased concentrations of SR proteins increased the ratio of the poly(A)-like AAUAAAG sequence element in the pool (13 out of 17 clones) and BP-like sequences were less conserved (Fig+ 5D)+
Poly(A)-like sequences are functional both in polyadenylation and in splicing
The emergence of AAUAAA sequences suggested that these RNAs were polyadenylated+ This was confirmed experimentally as exemplified with a transcript generated from clone 46 (Fig+ 6A)+ When incubated under in vitro splicing conditions, clone 46 pre-mRNA gave rise to a smear of longer RNA species (Fig+ 6A, lanes 2-4) that were sensitive to the presence of cordycepin, an inhibitor of polyadenylation (Fig+ 6A, lanes 6-9), but not to debranching (Fig+ 6A, lane 5)+ To investigate whether the transcripts were polyadenylated at the 39 terminus of the uncleaved RNA, reverse transcriptase was used to make cDNA from a T 14 VN primer (V ϭ G, C, A; N ϭ any nucleotide) annealed to gel-purified, polyadenylated clone 46 and clone 103 RNA+ Subsequent sequencing of the cDNAs confirmed that a poly(A) tail was added to the original 39 end of the pre-mRNAs (data not shown)+ Thus, transcripts containing the AAUAAA motif were used as precleaved substrates for the polyadenylation reaction+ Extending the exon of clone 46 from 19 nt to 35 nt as in construct B greatly reduced the degree of polyadenylation (Fig+ 6A, lanes 10-14)+ The decrease in polyadenylation in the longer transcripts may reflect a suboptimal distance between the poly(A) signal and the 39 end of the transcripts+ Interestingly, distinct bands sensitive to debranching but not to cordycepin appeared in the background of polyadenylation (Fig+ 6A, lanes 10-18), suggesting that they were lariat species+ Polyadenylation of the longer transcripts of clones 46 and 103 could be gradually induced at the expense of the splicing reaction with the addition of increasing amounts of a competitive optimal splicing substrate, pAd10 (Fig+ 6B)+ The BPs were mapped by primer extension in the presence of cordycepin in transcripts generated from clones 42-46 and 103 that all contain a poly(A)-like sequence (Fig+ 7 and data not shown; summarized in Figs+ 2D and 5B)+ Branched residues were identified on the basis of observed termination by reverse transcriptase at the 39 adjacent position of a spliced RNA template (Fig+ 7, lane 6), provided that termination did not occur in the control reactions containing a template of unspliced (Fig+ 7, lane 5) or debranched pre-mRNA (Fig+ 7, lane 7)+ Branching mainly occurred at the underlined adenosine residues in the poly(A) sequence, Splicing efficiencies were estimated from the amount of lariat intermediate and lariat divided by the amount of unspliced pre-mRNA (ILϩL/unspliced) in aliquots from a splicing reaction taken after 30 min and 90 min+ The efficiencies were normalized to the result obtained with the standard splicing construct PIP7+A⌬SK (Norm+ to PIP)+ The ratio of lariat intermediate to lariat (IL/L) was calculated and used as an estimate for efficiencies of the second step of splicing+ All RNA species were quantitated by PhosphorImager from gels similar to the one shown in Figure Table 1 )+ The result showed that all the clones exhibiting the AAUAAA consensus sequence that were tested spliced with approximately the same rate as the conventional BP sequences, implying that the poly(A)-like BP sites were recognized and efficiently used as branch sites+
Unusual requirement for guanosine residue in polyadenylation
The consensus polyadenylation signal observed in natural pre-mRNA is AAUAAA followed by a G/U rich region 20-40 nt downstream+ Here we obtained a highly unusual AAUAAAG motif+ The near 100% selection of the additional guanosine compared to the naturally occurring poly(A) sites could be due to requirements of 1-9) or an extended 35-nt-long 39 exon (lanes 10-18)+ RNA was incubated in nuclear extract for 10-30 min as indicated+ Lariat species were debranched after 30 min of splicing (30ϩD) and ATP was omitted in a control reaction (30-A)+ Cordycepin was added to the reaction mixture in lanes 6-9 and lanes 15-18 to inhibit polyadenylation+ B: In vitro splicing of transcripts corresponding to clones 46 (lanes 1-6) and 103 (lanes 7-12), both with a 35-nt-long 39 exon, was performed with the indicated amounts of pAd10 pre-mRNA as competitor for splicing factors+ In lanes 6 and 12, 0+1 mM of cordycepin was included in the reaction to block polyadenylation (1ϩC)+ A control reaction without ATP (0-A) is included+ All reactions were incubated for 30 min+ M: size marker+ clone 103 pre-mRNA gave similar results (data not shown)+ Hence, the guanosine residue is only important for polyadenylation+
Selection of functional sequences surrounding the branchpoint sequence
To investigate the contribution of sequences surrounding the BP sequence to splicing efficiency, another selection experiment was performed+ A pool of premRNA containing an optimal BP sequence (U Ϫ5 A Ϫ4 C Ϫ3 U Ϫ2 A Ϫ1 A 0 C ϩ1 ) surrounded by two randomized 20-mer inserts was subjected to an in vitro splicing selection procedure (Fig+ 1B, construct C)+ In this selection procedure there was no 39 splice site AG within the constant 39 end+ All lariat species were isolated by gel electrophoresis and reverse transcribed using a primer annealing to the constant 39 end of the transcripts (Fig+ 1B, primer P8)+ Hence, only lariat intermediate products were amplified+ The composition of individual clones in the pool after six rounds of selection is shown in Figure 9 and the consensus sequence motif is illustrated in Figure 3H+ Analysis of the sequences downstream from the BP region revealed a significant FIGURE 7. Characterization of BP nucleotides used in the in vitro splicing reaction of transcripts containing poly(A) sites derived from clones 103 (A), 46 (B), and 44 (C)+ Reverse transcriptase was used to extend a primer annealing to the 39 exon of unspliced, spliced, and debranched spliced transcripts (lanes 5, 6, and 7, respectively)+ To suppress polyadenylation of the transcripts, cordycepin was included in the splicing mixture+ To identify the termination sites for reverse transcriptase, untreated RNA was sequenced by primer extension in the presence of dideoxy-nucleotides (lanes 1-4; nucleotides indicate the corresponding RNA sequence)+ Because reverse transcription is generally arrested 1 nt 39 to a branched nucleotide, the nucleotide 59 to the stop is identified as the branched nucleotide+ Bands of increased intensity in the spliced reaction (lane 6) relative to unspliced (lanes 5) and debranched spliced reaction (lane 7), implying splicing dependency and debranching sensitivity, most likely correspond to true BPs and are indicated with horizontal arrows+ The corresponding positions in the intron sequence are denoted by vertical arrows+ Bands occurring in all three lanes are caused by unspecific stopping of the RT reaction+ It cannot be excluded that the strong unspecific band appearing in B hides a second putative BP+ preference for pyrimidines at positions 8-17 and 19+ An inspection of the polypyrimidine tract revealed that UCCU was the most common tetramer motif, occurring in 13 out of 17 clones+ No significant sequence preference was observed at positions 2-7 or 18 downstream from the BP+ The overall consensus sequence for the entire 39 splice site was UACUAACN 7 Y 10 NYAG (75% conserved at each position)+ Sequence preference has not previously been detected upstream from the mammalian BP sequence+ There is a general preference for C/A residues in our study in most of the upstream region (Fig+ 3H)+ However, the ratio is not significantly higher than what is observed in a set of 10 sequences from the unselected pre-mRNA library (pool 0; 29% C-residues and 30% A-residues on average; data not shown)+ Only positions Ϫ8 and Ϫ7 exhibit a significant increased frequency of C/A residues (75 and 82%, respectively, compared to 45 and 55% in the unselected library)+ The splicing efficiency of one of the selected sequences, clone 132, was analyzed and compared to other substrates (Fig+ 4+; Table 1 )+ The splicing of (3) indicate that the sequence occurred two and three times, respectively, in the pool of characterized sequences+ clone 132 was highly efficient (1+4-1+8-fold better than PIP7+A⌬SK) albeit with a 1+5-2-fold reduced efficiency of the second step at longer time points (Fig+ 4; based on the IL/L ratio at 90 min splicing in Table 1 )+ Requirement for a 39 splice site-like element before the second step of splicing
In the selection of sequences surrounding the BP sequence only sequences from lariat intermediate were amplified during the amplification step+ Interestingly, all of the selected downstream sequences exhibited a conserved AG dinucleotide at the 39 end after six rounds of selection, suggesting a preference for an optimal 39 splice site element, even in the absence of specific second-step selection+ To examine the effect of the AG dinucleotide, the splicing of a transcript from clone 132 ( Fig+ 10B, lanes 2-4) , whereas the AGto-AC mutation resulted in a decreased and delayed formation of complex A and an almost complete block of complex B formation (Fig+ 10B, lanes 7-8)+ The nonspecific complex H assembled equally well on both pre-mRNAs+ Thus, changing the conserved AG dinucleotide into AC severely affects splicing already before or at the time of U2 snRNP association+ DISCUSSION A comparative analysis of naturally occurring RNA splicing motifs is a powerful approach to identify functionally important nucleotides+ However, because splicing has evolved in vivo in the context of different premRNAs and under selection pressure from a complex set of functional requirements, more subtle sequence and structure preferences for splicing may not be detectable from alignments of natural sequences+ To obtain a simpler view of functional cis-acting sequences in RNA we have used a functional splicing/selection protocol and applied it to RNA libraries containing randomized sequences at selected positions+ A similar approach was used by Buvoli et al+ (1997) to study the effect of exon enhancer elements on branch site and polypyrimidine sequence selection+ However, in the present study a larger sequence space and number of selection rounds were employed, allowing the detection of more subtle sequence preferences+ A total of 47 nucleotide positions encompassing the BP region and 39 splice site were investigated+
The identity of functional branchpoint sequences
In one selection experiment we selected BP sequences from a randomized 15-mer region that were able to support pre-mRNA splicing+ The randomized insert evolved towards a UACUAAC motif during seven rounds of selection, implying that pre-mRNAs with a BP sequence, optimized for base pairing with U2 snRNA, are favored in splicing+ Comparison of the sequence consensus in the individual pools revealed characteristic differences in selection rates of individual positions+ After only one round of selection the conservation was limited to UAA, suggesting that this sequence represents a minimal core branch site+ To go through one round of splicing the BP sequence must participate in base pairing with U2 snRNA and be able to expose a suitable nucleophile for the first transesterification step+ Some of the isolated and experimentally confirmed BP sequences after the first round of selection are only able to form 2-3 regular base pairs with U2 snRNA+ This interaction probably reflects a minimal requirement for base pairing for transesterification to occur+ Interestingly, the adenosine preceding the BP nucleotide is the least important in the UAA motif (See Fig+ 3A,E,F,G), suggesting that some structural flexibility is allowed at this position+ This may also explain the high frequency of branching to position Ϫ1 (relative to the BP) that we and others have observed (Hornig et al+, 1986; Query et al+, 1994; Buvoli et al+, 1997 ; this report)+ The importance of the BP adenosine and the uridine at the Ϫ2 position bears strong resemblance to the specificity observed for the essential splicing factor SF1 (Berglund et al+, 1997) that is required for the association of U2 snRNP with the pre-mRNA (Kramer, 1992)+ Thus, our data supports a model in which the interaction of SF1 and the base pairing of U2 snRNA with the BP sequence cooperate in the assembly of an active spliceosome+ Early recognition of the BP sequence by SF1 is supported by studies in yeast where it was shown that BBP (the yeast homolog of SF1) recognizes the BP sequence in complex E before entry of U2 snRNA (Berglund et al+, 1997; Pascolo & Séraphin, 1997) + To be selected during the successive rounds of splicing, the sequence must be able to compete efficiently with the other RNA species in the pool for binding of splicing factors+ Our result suggests that an interaction between U2 snRNA and the pre-mRNA involving up to six Watson-Crick base pairs is an important determinant of the competitive strength of a given BP sequence+
The average distance between the BP and the 39 splice site increased to 30 nt after seven rounds of selections+ As a large region of the gel was excised in each of the selection steps, this drift is probably not caused by a systematic enrichment of a particular lariat size during the gel-purification step+ The phenomenon is more likely caused by a functional preference for sufficient spacing between the BP and the 39 splice+ This interpretation is supported by the result obtained in the selection of polypyrimidine tract sequences (Fig+ 3H) , where the 39 splice site AG always occurred at the maximum distance, corresponding to 21 nt, from BP+
Sequence elements with dual functions: Polyadenylation and branchpoint signals
A significant part of our selected sequences turned out to be functional poly(A) signals with the capacity also to be recognized and efficiently used as BP sequences during the splicing reaction+ Although these sequences probably were selected due to their ability to polyadenylate and form RNA products that comigrated with lariat species in the purification gel, they were observed to either splice or polyadenylate in nuclear extracts in a competitive manner+ Addition of a competitor substrate containing optimal splice sites induced polyadenylation, probably by competing for limiting splicing factors, whereas inclusion of the chain terminator cordycepin resulted in effective splicing+ In at least two of the selected sequences (clones 44 and 46) the BP was mapped to the downstream adenosines within the core of the poly(A) signal (AAUAAA)+ It is possible that the UAA sequence, which also constitutes the core recognition element after one round of splicing selection (Fig+ 3A), is sufficient for specifying a functional BP sequence+ A comparison of the processing activity of RNAs from pool 1-7 generated from DNA construct A showed that splicing was dominant during the initial rounds of selection and polyadenylation dominated during the later rounds of selection (data not shown)+ A possible explanation may be that polyadenylation became more predominant in the later rounds because of the competition for splicing factors from the merging BP sequences+
In addition to the conventional poly(A) signal we observed a GGUU motif immediately downstream from the AAUAAA consensus (Fig+ 3D)+ In particular the first G was nearly 100% conserved+ Mutation of this G into C reduced the polyadenylation significantly, whereas the capacity to function as a BP sequence was unaltered or slightly increased+ The role of the G in polyadenylation is intriguing, as there is no record of such a preference in natural poly(A) signals+ Because the poly(A) tail is added to the 39 end of the RNA in the absence of a cleavage step, it is possible that the GGUU motif is advantageous only for polyadenylation of precleaved RNA+ Notably, the motif bears some resemblance to the downstream GU box of a conventional poly(A) signal, suggesting a stimulatory role of this motif in poly(A) polymerase activity on a precleaved construct+ An elevated concentration of total SR proteins increased the ratio of poly(A) signals in the pools when selecting for complete splicing (lariat selection)+ SR proteins have been reported to influence the stringency of the recognition of weak 39 and 59 splice sites, probably by stabilizing the binding of splicing factors through protein-protein interactions (reviewed in Fu, 1995) + It is therefore likely that SR proteins could improve the efficiency of the poly(A) signal as a functional BP sequence in a splicing reaction+ However, it cannot be ruled out that SR proteins act by stimulating the polyadenylation by an unknown mechanism+
The importance of sequences flanking the branchpoint sequence
To investigate the influence of the sequences surrounding the BP sequence on splicing, we performed a selection from a pool of pre-mRNA containing two randomized 20-mer regions flanking both sides of an optimal BP sequence+ A search for sequence motifs in the region upstream from the BP sequence was limited to a C/A rich sequence at position Ϫ8 and Ϫ7 relative to the BP+ This may reflect some level of sequence specificity of U2 snRNP components that have been reported to bind to a 20-nt "anchoring" region immediately upstream of the BP sequence (Gozani et al+, 1996) + The sequence conservation in the 6-7 nt immediately downstream from the BP sequence was low in the selected pool+ It is possible that this region functions as a spacer that allows an optimal positioning of splicing factors SF1, U2 snRNP, and U2AF+
Selection of polypyrimidine tracts and 39 splice sites
After six rounds of selection the randomized region at positions 7-16 downstream of the BP sequence was significantly enriched for uridines (54%) and to a lesser extent cytosines (39%)+ Guanosines and adenosines occurred at 4% and 3% of the positions, respectively+ A similar, but slightly less pronounced pyrimidine enrichment was observed in the study by Buvoli et al+ (1997) over two rounds of selection+ At the 39 end of the randomized insert the pyrimidine rich region was followed by a single highly variable nucleotide and an invariant YAG motif+ Uridine residues are also more common than cytidine residues in pyrimidine tracts of natural introns (Shapiro & Senapathy, 1987) and the uridine content is an important determinant of the ability of the pyrimidine tract to compete for BP selection in a construct containing two polypyrimidine tracts adjacent to identical BP sequences (Coolidge et al+, 1997 )+ However, our result indicates that the presence of some cytosines is stimulatory to splicing+ A search for common sequence patterns revealed a high frequency of UCCU motifs+ This sequence strongly resembles the UC 2-3 U motif selected in a U2AF 65 affinity selection experiment (Singh et al+, 1995) , suggesting that U2AF 65 binding is an important factor in selection of competing splice sites+
The role of the 39 splice site AG in early steps of splicing is less clear+ Single base mutations or deletion of the 39 splice site AG dinucleotide of the first intron of the human b-globin gene allow lariat intermediate formation to proceed but inhibit the second step of splicing (Reed & Maniatis, 1985; Ruskin & Green, 1985) + Recently, a bimolecular exon ligation assay has been established in which a substrate containing the 59 splice site and BP sequence is joined to a substrate containing a 39 exon preceded by an AG dinucleotide (Anderson & Moore, 1997)+ In this system the 59 exon-intron substrate can undergo 59 splice site cleavage and lariat formation in the absence of the 39 substrate containing the 39 splice site AG+ However, in other systems, mutations or chemical modifications of the AG dinucleotide greatly impair spliceosome assembly and lariat intermediate formation, implying a role for the 39 splice site AG before the first step of splicing (Aebi et al+, 1986; Lamond et al+, 1987; Lang & Keller, 1990 )+ It has been suggested that the importance of the AG sequence is more pronounced if the length of the polypyrimidine tract is relatively short (Reed, 1989 )+ We find a high conservation of AG dinucleotides in the selected pool indicating that the presence of a 39 splice site-like element greatly improves the chances of proceeding through the first step of splicing, even in the presence of an optimal polypyrimidine tract+ Analysis of an RNA clone containing a point mutation of the guanosine nucleotide in the 39 end of the intron confirmed that this nucleotide is already important at or before the level of complex A formation+ Clearly, the definition of the BP in our construct is a combined action of multiple interactions involving the BP region itself, the polypyrimidine tract, and the AG dinucleotide at the 39 splice site+
MATERIALS AND METHODS

Construction of plasmids and primers
In the following, an asterisk (*) denotes that the restriction site has been blunt-ended with Klenow enzyme+ The pPIP7+A plasmid contains an artificial transcription unit optimized for splicing (Jamison et al+, 1992 )+ pPIP7+A⌬SK was constructed by deletion of the 31 bp SacI*-KpnI* fragment within the 59 exon from pPIP7+A+ The pPIP7+A⌬SK⌬XH plasmid was constructed by deletion of the HindIII*-XhoI* fragment from pPIP7+A⌬SK, thus deleting the 39 splice site region, including the polypyrimidine tract, the BP sequence, and the 39 splice site AG+ The following primers were used: P1: 59-GAATTGT AATACGACTCACTATAGGGCGAATTCGCCTACCAGGTGA GTAGGATCCCTCTAAAAGC-39, encompassing sequences for T7 promoter, 59 exon, and 21 nt of intron+ P2: 59-GCAAG CTTATGTTGTGTAGGACCTGAGGGAAAAAGAAGAAGGG GNNNNNNNNNNNNNNNCTCGAGACGAGCTGATGCGAC-39, encompassing 58 nt of intron sequences including a 15-nt random insert and 39 exon of construct A+ P3: 59-GCAA GCTTATGTTGTGTAGGACCTGAGGGAAAAAGAAGAAGGG G-39; see Figure 1B+ P4: 59-CTGAGGGAAAAAGAAGAAG GGGNNNNNNNNNNNNNNNCTCGAGACGAGCTGAGTCG AC-39, encompassing 58 nt of intron sequences, including a 15-nt-long random insert and 39 exon of construct B+ P5: 59-GAAAGCTTGAAGAGTTTGTCCTGCAGCTCAACCGCG ACCTGAGGGAAAAAGAAGAAGGGG-39; see Figure 1B+ P6: 59-TCCTGCAGCTCAACCGCGAC-39; see Figure 1B+ P7: 59-GCAAGCTTCCCACGCGCCAACCGCGACNNNNNNNNNNN NNNNNNNNNGTTAGTANNNNNNNNNNNNNNNNNNNNCG CCCTCGAGACGAGCTGAG-39, encompassing 88 nt of intron sequences including two 20-nt random inserts of construct C+ P8: 59-GCAAGCTTCCCACGCGCCAACCGCGAC-39; see Figure 1B+ P9: 59-GCAAGCTTCCCACGCGCCAACCGCGA CGTGCGTG-3, encompassing common intron sequences and 39 exon from construct C and the selected sequence from clone 132 including a G-to-C mutation shown in bold+ P10 (59-CGCATATGCCCCTTCTTCT-39), P11 (59-TTTATTTCTC GAGACGAG-39), P12 (59-CGTTACCCCTTCTTCTTTTC-39), and P13 (59-TTTATTAATCCTCGAGAC-39) were used for sitedirected mutagenesis of clones 46 and 103+
Construction of DNA templates with randomized inserts
DNA templates with randomized inserts were prepared by PCR in a 50-mL reaction containing 100 ng template, 25 pmol upstream primer, 25 pmol downstream primer, and standard reaction conditions [200 mM each dATP, dGTP, dCTP, dTTP; 10 mM Tris-HCl, pH 8+3; 50 mM KCl; 1+5 mM MgCl 2 ; 0+001% (w/v) gelatin; 2 U AmpliTaq (Perkin Elmer)]+ DNA template A was amplified from pPIP7+A+⌬SK⌬XH using primer P1 and primer P2 in 20 cycles of PCR+ DNA template B was amplified from pPIP7+A⌬SK⌬XH in a two-step procedure+ In the first step, a pool containing no 39 exon was amplified using primer P1 and primer P4 in 20 cycles of PCR+ In the second step 500 ng of the product of the first step was used as the template in 5 cycles of PCR with primer P1 and primer P5, generating the final pool+ DNA template C was amplified from pPIP7+A⌬SK using primer P1 and primer P7 in 20 cycles of PCR+ Thermal cycling was performed at 95 8C for 45 s, 58-60 8C for 45 s, and 72 8C for 45 s, final extension for 10 min+
Selection procedure
The selection procedure is outlined in Figure 1A+ The unselected pool, pool 0, of randomized pre-mRNA used for in vitro selection was prepared by in vitro transcription of 2 pmol (approximately 10 12 molecules) of the randomized DNA template using Ambion's MEGAshortscript TM kit+ Twenty microcuries [a-32 P] UTP (Amersham: 800 Ci/mmol) were included in the reaction mixture+ Prior to transcription the DNA templates were treated with HindIII to generate a 59 overhang+ After transcription the DNA template was removed by the addition of 2 U RNase-free DNase I followed by incubation for 15 min at 37 8C+ The RNAs were purified in 6% polyacrylamide denaturing gels+ Splicing-competent RNA molecules were selected from approximately 2 pmol of the RNA library under in vitro splicing conditions [10 mM HEPES/KOH, pH 7+5; 1+7 mM MgCl 2 ; 1 mM ATP; 5 mM creatine phosphate; 50 mM KCl; 1 mM DTT; 1 U/mL RNasin (Promega); 5 mg of bulk Escherichia coli tRNA; 35% HeLa cell nuclear extract (Dignam et al+, 1983;  Computer Cell Culture, Belgium)] in a 20-mL reaction for 1 h at 30 8C for construct A and for 30 min at 30 8C for constructs B and C+ Selection of transcripts generated from construct B was done with and without the addition of 2 mL SR protein solution (0+5 mg/mL, purified as described by Zahler et al+, 1992 )+ The splicing products were separated in denaturing gels containing 12% polyacrylamide, 8 M urea, 1 mM EDTA, and 100 mM Tris-borate, pH 8+3+ Splicing and denaturing gel analysis of a marker transcript of the same length and with same position of the splicing signals identified the expected gel position of the lariats containing randomized inserts+ The lariat species were eluted in elution buffer (0+3 M NaAc, pH 6+0; 1 mM EDTA)+ After phenol/chloroform extraction and ethanol precipitation the lariats were debranched by incubation in a 25-mL reaction mixture containing 20 mL of debranching buffer (20 mM HEPES/KOH, pH 7+5; 100 mM KCl; 8 mM EDTA) and 5 mL of the S100 fraction of HeLa cell extract (Dignam et al+, 1983) for 30 min at 30 8C, followed by phenol/chloroform extraction and ethanol precipitation+
To amplify the selected sequences, the linearized lariat species were denatured at 95 8C for 30 s and incubated with the appropriate primer at 50 8C for 10 min in 6 mL annealing mixture (10 mM Tris/HCl, pH 6+9; 40 mM KCl; 0+5 mM EDTA)+ Lariat species from constructs A and B were incubated with primers P3 and P5 and lariat intermediates from constructs B and C with primers P6 and P8, respectively+ Reverse transcription was done by adding 2 mL 5ϫ first-strand buffer (1,000 mM of each dNTP; 250 mM Tris HCl, pH 8+5; 40 mM MgCl 2 ; 150 mM KCl; 5 mM DTT) and 5 U AMV reverse transcriptase (Boehringer Mannheim) in a total of 10 mL, followed by incubation for 1 h at 42 8C+ The single-stranded DNA generated from constructs A, B, and C was amplified in a PCR reaction using primer set P1/P3, P1/P6, and P1/P8, respectively, that reinserted the pools in the original context, completing the selection cycle+ To characterize the selected sequences, part of the DNA pool was digested with EcoRI and HindIII and the fragment was cloned into the EcoRI-HindIII sites of pBSϩ (Stratagene)+ Individual clones were sequenced using the M13 Ϫ20 primer (Stratagene)+
Analysis of individual clones
The G in the AAUAAAG motif of clones 46 and 103 was changed into C by site-directed mutagenesis using PCR and primer set P10/P11 for clone 46 and primer set P12/P13 for clone 103+ The G in the conserved AG dinucleotide of clone 132 was changed into C in a PCR reaction using primer set P1/P9+ RNA transcripts were prepared as described below+ The sequence of all templates was confirmed by sequencing+ To prepare RNA transcripts from clones 46 and 103 with both a 19-nt-long 39 exon and a 35-nt-long 39 exon, the templates were generated by PCR using construct A clone 46 and construct B clone 132 together with primer set P1/P3 (19-nt-long 39 exon) and P1/P5 (35-nt-long 39 exon)+ Templates combining clone 132 with the 39 exon of construct C were made with primer set P1/P8+ The templates were linearized with HindIII+ Transcription of uniformly radioactively labeled GpppG-capped pre-mRNAs, used for in vitro splicing analysis, was performed in a 50-mL transcription mixture [40 mM Tris-HCL, pH 7,5; 10 mM MgCl 2 ; 5 mM DTT; 0+05 mg/mL BSA; 40 U RNasin (Promega); 200 ng template; 20 mCi [a-32 P] UTP (Amersham: 800 Ci/mmol); 1 mM GpppG; 0+4 mM ATP; 0+4 mM CTP; 0+1 mM GTP; 0+04 mM UTP; 20 U T7 RNA polymerase (Boehringer Mannheim)] for 2-3 h at 37 8C+ The RNAs were purified in 6% polyacrylamide denaturing gels+
In splicing and polyadenylation reactions, ;40 fmol of premRNA were incubated under in vitro splicing conditions [10 mM HEPES/KOH, pH 7+5; 1+7 mM MgCl 2 ; 1 mM ATP; 5 mM creatine phosphate; 50 mM KCl; 1 mM DTT; 1 U/mL RNasin (Promega); 5 mg of bulk E. coli tRNA; 35% HeLa cell nuclear extract (Dignam et al+, 1983) ] in a 20-mL reaction for 10-30 min at 30 8C+ In some reactions 0+1 mM cordycepin (39-dATP) or 0+01-1 mg of in vitro transcribed pBSAd10 RNA (Garcia-Blanco et al+, 1989) were included in the reaction to inhibit polyadenylation or splicing, respectively+ To perform a negative control of splicing, ATP and creatine phosphate were omitted from the reaction and endogenous ATP was depleted from the nuclear extract by preincubation for 20 min at 30 8C+ Splicing complexes were analyzed by running 5 mL of the splicing reaction on native gels containing 3+95% acrylamide, 0+05% bisacrylamide, and 50 mM Tris/Glycine+
To characterize the BPs, 140 ng of nonradioactive premRNA were spliced for 30 min at 30 8C in a 100-mL splicing mixture including cordycepin as described above+ A negative control containing 70 ng pre-mRNA in 50 mL was left on ice+ Half of the reactions were debranched as described above+ After phenol/chloroform extraction and ethanol precipitation the positions of branched nucleotides were determined by primer extension from primer P6+ To identify the termination sites, untreated pre-mRNA was sequenced by primer extension using the same primer in the presence of 0+4 mM ddATP, 0+4 mM ddTTP, 0+13 mM ddCTP, or 0+26 mM ddGTP in each of the respective sequencing reactions+ The primer extension reactions were analyzed on denaturing gels, containing 8% polyacrylamide, 8 M urea, 1 mM EDTA, and 100 mM Trisborate, pH 8+3+
